Abstract: A new method of supplying shielding gases in an alternating manner has been developed to enhance the efficiency of conventional gas metal arc welding (GMAW). However, the available literature on this advanced joining process is very sparse and no cost evaluation has been reported to date. In simple terms, the new method involves discretely supplying two different shielding gases to the weld pool at predetermined frequencies which creates a dynamic action within the liquid pool. In order to assess the potential benefits of this new method from a technical and cost perspective, a comparison has been drawn between the standard shielding gas composition of Ar/20%CO 2 , which is commonly used in UK and European shipbuilding industries for carbon steels, and a range of four different frequencies alternating between Ar/20%CO 2 and helium.
INTRODUCTION
Developed in the 1920s, gas metal arc welding (GMAW) was initially intended for the joining of aluminium and other non-ferrous metals. However, the process was adapted for the welding of steel due to its many advantages over other fusion welding processes.
Shielding gases are fundamental to the operation of GMAW and there are a number commonly used, each with its own specific properties, i.e. ionization potential, which creates unique arc characteristics [1] [2] [3] [4] [5] . For example, the ionization potential for helium is considerably higher than that of argon, 24.58 and 15.76 eV, respectively. The reduced first ionization energy of argon indicates that it is more easily ionized at lower temperatures than helium which leads to helium having a higher arc power density than argon, which consequently produces a smaller cathode spot [6] and potentially greater penetration. Shielding gases are also commonly used in a variety of premixed combinations of two or more gases in order to take advantage of the beneficial properties of each gas [7, 8] . For example, in the case of weld geometry effects, the use of carbon dioxide alters the shape of the weld due to surface tension effects acting on the weld pool. Effects on properties can also be related to different shielding gases [9] , with additions of nitrogen and helium to conventional argon shielding creating improved mechanical properties and corrosion resistance of austenitic stainless steel following GMAW. Jönsson et al. [6] reported on the effects of using pure argon and pure helium on the temperature profile of the arc column. They concluded that the use of helium produces a narrower temperature distribution and higher temperature at the workpiece surface resulting in a narrower weld with greater penetration. As the addition of helium to a shielding gas can help increase the weld penetration, it is more commonly utilized in thicker steel sections and high thermal conductivity alloys such as the light metals [10] . Key et al. [11] reported that the ionization potential has no discernable effect on the peak temperature associated with each shielding gas but it is in fact the other thermo-physical properties of thermal conductivity and heat capacity that allows helium to improve heat transfer to the plate.
In recent times, there have been very few advances regarding shielding gas technology in GMAW. However, relatively recently there has been positive research [1] [2] [3] into the effects of alternating shielding gases in both GMAW and, to a lesser extent, in gas tungsten arc welding. These studies have shown beneficial results such as increased travel speed, reduced porosity, and increased strength. Chang [1] reported that the use of alternating shielding gases created beneficial effects on the weld pool and, as shown in Fig. 1 [2] , different flow vectors are created in the weld pool for different shielding gases. However, when alternating between shielding gases, complex flow patterns were created which caused a dynamic action in the weld pool. This dynamic action was created by three independent phenomena.
1. Arc pressure variation [1] [2] [3] [4] .
Several researchers found that there is a variation in arc pressure for different gases, due to their ionization characteristics, and that argon draws higher current and produces higher arc pressure than helium. The changes in arc pressure cause changes in the weld pool movement as shown in Fig. 1 . 2. Variation of weld pool fluidity [1] [2] [3] [4] .
These researchers have also shown that argon and helium produce different levels of weld pool fluidity. This is due to argon producing a low pool temperature resulting in low weld pool fluidity, whereas, helium produces a high pool temperature and high fluidity. The net result is an internal pulsing motion of the weld pool. 3. Arc pressure peaking [1] [2] [3] .
Researchers found that there is an impulse in pressure as the gas alternates from one to the other creating a 'push and stop, push and stop. . .' motion on the weld pool.
Porosity is formed when atmospheric gases are drawn into the welding arc. Due to the intense heat in the arc column, these gases are dissociated, absorbed into, and spread throughout the weld pool. During solidification, gas bubbles form creating voids within the weld (porosity), some of which escape due to buoyancy effects. The dynamic action created through the use of alternating gases assists the buoyancy effect with the removal of the bubbles thus reducing porosity [1] .
Shipbuilding and the automotive industry are moving towards thinner materials in order to reduce the overall mass of the structure [12, 13] . However, these thinner materials are more susceptible to distortion created by the heat from the welding process which is an expected consequence, closely linked to the induced heat input. Distortion is a result of the non-uniform expansion and contraction of the material due to the heating and cooling cycle [13] and is notoriously difficult to predict [14] . However, the effort required to rectify the distortion from the plate is highly resource intensive. For that reason it is beneficial to eliminate as much distortion at source as possible and this is largely achievable through good practices mainly related to reducing the heat going into the plates and the concentration of heat in specific areas. For this reason, a reduction in heat input is a primary manufacturing goal.
Tewari et al. [15] reported that penetration depth is not proportional to the heat input and there is an optimal level of heat input for a given weld. Furthermore, Min et al. [16] showed that the level of heat input affects the recrystallization of the heataffected zone (HAZ) with a heat input increase of less than 50 per cent resulting in grains more than twice the size of the original grain size. Juan et al. [17] have shown that increasing the heat input can also reduce the toughness and micro hardness in the HAZ and that the fracture mechanism changes from dimple to quasi-cleavage fracture morphology, indicating that there is an optimum level of heat input. There has, however, been no research as to the effects that alternating shielding gases have on the mechanical properties of the weld and the economic consequences of supplying the shield gases in this way. Although the majority of the recent research has focussed on the beneficial effect of using alternating gases on aluminium alloys, there has been little reported on the actual effects on carbon steels. Hence, the purpose of the present study is to perform a techno-economic evaluation of supplying the shielding gases in this way.
EXPERIMENTAL SETUP
The average welding parameters for each gas configuration are shown in Table 1 . Two separate shielding gases were used throughout the experimentation, helium and premixed Ar/20%CO 2 . The base case was the premixed Ar/20%CO 2 mixture that was compared against alternating between helium and Ar/ 20%CO 2 at four frequencies, 2, 4, 6, and 8 Hz. The gases were alternated using an electronic control unit, which allowed the frequency to be controlled with accuracy. The basis of the unit was two 555 timing circuits, which controlled the current supply to two solenoid valves in order to regulate the flow of each gas. The unit incorporated an invert function to supply opposite signals to each valve for alternation precision. Thereafter, the frequency was validated against an oscilloscope output thus ensuring that the alternating frequencies were highly accurate. During welding, the gases were delivered at a constant flowrate of 15 l/min. The steel material used throughout was 8 mm DH36 grade in the form of 250 3 500 mm plates with a 30 8 edge prep in a butt weld configuration. As the addition of helium was predicted to increase the weld penetration, the root gap for the alternating gases was reduced from 3 mm for the base case to 2 mm for the alternating gases; this should also reduce the distortion induced in the plates due to the lower volume of weld metal solidifying in the joint. To support the root weld penetration, a ceramic backing strip was positioned on the underside of the weldment as shown in Fig. 2 .
In modern shipbuilding, a range of weld filler materials are likely to be used and these would include solid wire, metal-cored wire, and flux-cored wire. These wires are used for specific applications and their ability to be used in various weld positions. The experimental base case followed the parameters that are typically employed in industry to weld 8 mm DH36 which uses 1 mm metal-cored wire for the first pass and 1.2 mm flux-cored wire for the second and third passes, the chemical compositions of each wire are shown in Table 2 . The wire feed rate was kept constant at 111 mm/s for both wires.
All welds were completed on an automatic welding rig that, whilst holding the plate rigid, moved at a preset speed under a fixed welding nozzle. The rig also allowed for distortion measurements to be carried out using an optical distance sensor which mapped the plates in a predetermined grid pattern before welding and after a cooling period of 45 min. When analysed, this produced a series of data points that represented the actual distortion created by the welding process. The plates were positioned on four corner-locating points and the laser optical distance sensor was preset to zero deformation at these points. Therefore, any negative distortion referred to the plate deforming downwards and concurrently, positive distortion referred to deformation upwards. Thermal data was captured during and after welding by locating K-type thermocouples at the mid-point of the plates, 10 and 60 mm from the weld centre line. Hence, it was assumed that the temperature distribution was symmetrical about the centre line of the weld. LABVIEW programs were used to acquire data sets for the distortion and temperature outputs and these were later exported to an Excel spreadsheet for analysis and graphical representation.
RESULTS AND DISCUSSION
This section documents and analyses the results obtained following the various tests for the shielding gas configurations studied. Also discussed are the relationships between the shielding gases used and the distortion, mechanical, and microstructural data obtained. Table 3 shows the maximum levels of distortion present on each plate. Longitudinal distortion is an averaged value of the distortion experienced at the start and end of the weld whereas the transverse distortion is an averaged value of the left and right edges of the plate. As can be seen, the distortion experienced by the alternating shielding gas compositions is considerably lower than the premixed base case. Overall, distortion at the centre of the plate has been reduced by 18-38.5 per cent, longitudinal distortion by 16-30 per cent, and transverse distortion by 11-15 per cent. This is mainly due to the reduced heat input as a consequence of the increased travel speeds and the lower volume of weld metal in the joint. It can be seen in Fig. 3 that the plates deformed into a classical saddlelike shape due to longitudinal and transverse shrinkage of the plates. Distortion rectification is a major expenditure for manufacturing companies and therefore, a reduction in distortion at source will reduce the amount of rework required and will consequently lead to productivity savings. 
Distortion

Heat input
The average heat input (Q), Table 4 , for each shielding gas configuration was calculated using equation (1) .
Ignoring the effects of a thermal efficiency factor, the average current and voltage for each shielding gas configuration were obtained from the pre-calibrated welding unit
The heat input is important since this should show a direct correlation to the levels of distortion produced, as previously described. As expected, the alternating shielding gas configurations showed a considerable reduction in heat input, which was due to the increased travel speeds for the second and third passes. In contrast, the base case had an increased heat input caused by the higher current and slower travel speed used. There is also a trend between the frequency of alternation and the induced heat input with the lower frequency producing the lowest heat input and higher frequencies resulting in higher heat inputs.
As previously discussed, there is a strong relationship between the heat input and the resultant distortion. In terms of distortion reduction, these results show clear advantages of using alternating shielding gases with the 2 or 6 Hz frequency showing the most beneficial results overall.
Thermal data
The temperature of the first pass shows a reduction in peak temperature for the alternating cases at both 10 and 60 mm from the fusion boundary of the plate as shown in Fig. 4 . For the alternating cases the 10 mm results draw a parallel with the calculations for the heat input. The temperature distribution also corresponds to the results of Jönsson et al. [6] , in that the addition of helium creates a narrower temperature distribution.
Mechanical properties
The all-weld tensile test results, tested in accordance to EN 10 002-1:200 are shown in Fig. 5 and listed in Table 5 . The results show that compared to the base case, the 0.2 per cent proof stress (0.2%PS) and ultimate tensile strength (UTS) of the alternating shielding gas system can be increased by at least 4.6 and 5.6 per cent, respectively. More specifically, the 2 Hz frequency showed the greatest increase in strength with the 0.2%PS and UTS increasing by 9.6 and 6.9 per cent, respectively. The results also showed that the percentage elongation (%El) was reduced for the case of alternating gas compositions and therefore the material deforms by a smaller amount before failure. The percentage reduction in area (%RA) was also smaller for all alternating frequencies except at 8 Hz which was comparable to the base case. Transverse tensile tests were also conducted, see Fig. 6 , and these showed results favourable to the use of alternating shielding gases, with a percentage increase of between 4 and 7.5 per cent in UTS and the 2 Hz case showing the greatest benefits. As expected, all transverse tests failed within the weld metal.
Charpy impact test results (tested to EN 10 045-1:1990) showed how the shielding gas configuration affects the impact toughness of the weld and the HAZ. As can be seen in Table 6 , the average energy absorbed in the weld of each alternating gas configuration is greater than that of the base case (Ar/ 20%CO 2 ). In general, the energy absorbed in the HAZ of the alternating gas configurations is greater than the base case. The Charpy V-notch impact test is often regarded as the accepted method of toughness assessment for welded joints due to complications in conventional fracture toughness methods as a result of the fusion zone and HAZ exhibiting a heterogeneous microstructure that can have widely varying strength and toughness values.
Face and root bend tests were carried out on the samples according to EN 910:1996, these tests showed that there were no detrimental effects associated with the use of alternating gases.
Microstructural study
It can be seen in Fig. 7 that the addition of helium has increased the depth:width ratio showing that a very narrow weld with deep penetration was created and this confirmed previous findings [10] .
The width of the HAZ is shown to be particularly reduced in the second and third passes of the alternating cases, see Fig. 8 . This data correlates closely with both the heat input and the induced distortion in that a high heat input results in larger distortion and a wider HAZ. The width of the HAZ reflects the area of parent plate that has been affected by the heat input, and this is minimized in the case of the alternating cases due to the increased travel speed. It is well known that the addition of helium creates a narrow weld with deep penetration; this is due to the temperature distribution within the arc column. Therefore, welds produced with helium will result in a narrower HAZ than argon with its correspondingly wider arc column as reported by Jönsson et al. [6] .
The microstructure of the weld metal and HAZ, shown in Figs 9 and 10, shows that the grain orientation and grain refinement are enhanced through the application of alternating shielding gases. In contrast, the higher heat input Ar/20%CO 2 base case resulted in a coarser microstructure, which is a consequence of an increased driving force for grain boundary migration and coarsening. The microstructure of the weld metal and HAZ show that the alternating case, Fig. 9(a) and Fig. 10(a) , respectively, consist of more acicular ferrite, which are more interlocking and less distinctive in character. The grain boundary ferrite present within the weld metal is also reduced and more diffuse in the alternating case. In contrast, the microstructure in Fig. 9(b) and Fig. 10(b) shows a coarsening effect as a result of the increased heat input. The fine grain structure is most likely attributed to the accelerated cooling from a higher temperature allowing pearlite to be more evenly distributed resulting in more uniform properties throughout than the spheroidal pearlite found in the Ar/ 20%CO 2 base case. Non-metallic inclusions are also present within the Ar/20%CO 2 base case weld metal; these are silicate inclusions as a result of the fluxcored wire used. In contrast, the alternating cases exhibit inclusion-free (clean steel) welds which is probably due to a combination of the metal-cored wire used and the dynamic action of the alternating gases. Banded ferrite pearlite microstructure is also present within the HAZ of the base case which, theoretically, could result in different properties for each layer. The observed improvements in mechanical properties discussed previously are most likely to be a consequence of the improved microstructure of the HAZ. Here, a clearly refined grain size is observed in the alternating case, Fig. 10(a) , compared to the coarser microstructure of the base case, Fig.10(b) . The results are comparable to those obtained by Min et al. [16] relating grain size to the heat input. The grain structure of the weld cap in all cases was of a classical columnar microstructure which is indicative of rapid cooling. This feature is typical of mild steel alloy welding where directional solidification due to the heat distribution from the electric arc source occurs. Micro hardness tests were carried out on each of the samples using a 0.2 kg weight. The distance between each indentation was set at 1 mm in order to give an idea of the hardness without the effects of work hardening in the surrounding areas of each indentation. The hardness tests were performed on two axes, vertically from the weld cap to the root in order to obtain the hardness of weld metal only, and horizontally from the weld centre line out to the parent plate. This allowed the effect of the shielding gas configuration to be considered with respect to hardness position. The average hardness of the weld metal using alternating gases increased by 8.7 per cent, from 196 to 213 Hv; the average hardness obtained from the horizontal testing is shown in Fig. 11 . This shows that supplying alternating shielding gases increases the hardness of both the weld metal and the HAZ and correlates to the findings of Juan et al. [17] that increasing the heat input can reduce micro hardness. The increased hardness of the alternating cases can be attributed to the reduced grain size and had a positive influence on the mechanical properties as discussed earlier. However, this is a marginal effect and the increase would have no significance on properties related to the weld metal hardness.
Cost analysis
The overall cost involved with the use of various shielding gases is also important. Shielding gas compositions involving helium are often neglected due the high gas unit costs. However, as shown in Table 7 , the gas cost makes up such a small contribution to the total cost of the weld in comparison to the labour costs and filler wire costs that it is in fact the travel speed that has a major bearing on the weld cost. Therefore, the increase in travel speed encouraged through the use of helium outweighs the unit cost of the gas.
For calculation purposes, welding labour costs were estimated at £15/h and gas costs were calculated using proprietary bulk prices. It can be seen in Fig. 12 , that although the high cost of helium increases the cost of the alternating shielding gases to about five times the price of premixed Ar/20%CO 2 , the price in relation to the total weld cost is minimal in contrast to the labour costs which accounts for approximately 80 per cent of the overall cost. Therefore, welding travel speed is the controlling factor in the overall cost of a weld and if it can be significantly increased, as in the alternating gas cases, not only will the weld productivity increase and a cost reduction be experienced but there will also be a reduction in filler wire costs. The increased speeds associated with alternating shielding gases has contributed to an approximately 17 per cent saving when comparing the total costs of each gas configuration. In addition to the 17 per cent saving in weld costs there would also be considerable productivity savings associated with the reduced weld-induced distortion discussed previously.
CONCLUSIONS
The main benefit associated with supplying alternating shielding gases is the increase in welding speed.
As a result of increasing the rate of travel, the overall welding costs have been reduced by approximately 17 per cent. In addition to the productivity benefits, alternating shielding gases have also been shown to It has also been shown that the application of alternating shielding gases has no detrimental effect on the mechanical properties of the weld and HAZ. In fact, marginal improvements in yield strength, tensile strength, Charpy impact toughness, and hardness are achieved as a consequence of the refined microstructure associated with the use of the alternating gases.
In the present study, it was found that the most beneficial frequency for alternating shielding gases is 2 Hz, similar to the 2.2 Hz Kang [2] found beneficial in the welding of aluminium.
In summary, the use of alternating shielding gases during GMAW offers clear manufacturing cost-reduction benefits which arise from measurable increases in productivity, improved distortion control, and rework reduction and overall slight improvements to the mechanical properties of the weld. 
